Despite impressive progress, malaria continues to impose a substantial burden of mortality and morbidity, particularly in subSaharan Africa, and new tools will be needed to achieve elimination. Gene drive is a natural process by which some genes are inherited at a greater-than-Mendelian rate and can spread through a population even if they cause harm to the organisms carrying them. Many different synthetic gene drive systems have been proposed to suppress the number of mosquitoes and/or reduce vector competence. As with any control measure, due attention should be paid to the possible evolution of resistance. No gene drive construct has yet been reported that is 'field-ready' for release, and when such constructs are developed, they should be assessed on a case-by-case basis. Gene drive approaches to vector control promise to have a number of key features that motivate their continued development, and scrutiny, by all concerned.
to live about 10 days while the parasite develops within it and is ready to be transmitted to another person. Only a relatively small number of mosquito species can transmit malaria, and only female mosquitoes bite people and contribute to transmission. Different continents have different mosquito vector species; in Africa, the most important vectors are members of the Anopheles gambiae species complex, plus Anopheles funestus. In some locations other species are also important. By comparison, over 800 species of mosquito have been described from Africa (http://www.mosquitocatalog.org). Finally, at least in Africa, malaria is largely a rural disease (e.g. Tatem et al. 2013) .
Current interventions. Key interventions against malaria include insecticide-treated nets (ITNs); indoor residual spraying (IRS); larval control; chemopreventive therapies for pregnant women and children; and treatment using artemisinin-based combination therapies (ACTs; WHO 2015) . These interventions have saved many millions of lives, but malaria still persists even in places where coverage of the different interventions exceeds 80%. Subpopulations of mosquitoes may be escaping current tools due to atypical biting behaviour. And there is increasing resistance, both of the parasites to the drugs and of the mosquitoes to the insecticides, so it is possible that the recent advances could be reversed. Furthermore, these interventions are expensive for developing countries. Expert opinion suggests that without additional tools, malaria elimination will be out of reach in some locations no matter how much effort we deploy (Alonso et al. 2011 ). According to the WHO Global Technical Strategy for Malaria, 2016 -2030 (WHO 2016 , even under the most optimistic scenario of increased investment in existing interventions (with the resources available increasing to about $8.7 billion per year, about 3.5 times more than is currently available), death rates and case incidence can be reduced by 90%, and malaria eliminated from 35 countries, but it will still exist in 58 countries (requiring on-going expenditures; Figure 1 ). Figure 1 . Comparison of the current incidence of P. falciparum malaria with that projected in 2030 under the most optimistic scenario considered by the WHO Global Technical Strategy for Malaria 2016-2030, scaling up existing interventions with some near-term innovation in longer lasting nets and better chemoprevention therapies, assuming no loss-of-effect due to drug or insecticide resistance. From Griffin et al. (2016) .
Genetic approaches to malaria control
One novel approach to malaria control that has been much discussed is to complement chemical-based vector control with genetic approaches (e.g. Adelman 2016). Many different genetic approaches can be imagined. For example, one could:
. Interfere with survival or reproduction, thereby reducing the numbers of mosquitoes. . Bias the sex ratio towards males. . Change females' host preference, so they feed on non-humans. . Specifically arrange for infected (or infectious) female mosquitoes to die. . Modify the females so that they could no longer support parasite development, either by knocking out a mosquito gene needed for parasite transmission (e.g. a receptor recognised by the parasite as it moves through the mosquito), or by introducing ('knocking in') a gene that interferes with parasite development.
The basic goal of any of these approaches is to reduce the vectorial capacity of the mosquito (or R 0 of the disease) as much as possible, by targeting one or more of the underlying parameters ( Figure 2 ).
Whichever one of these approaches might be pursued, there are the twin challenges of modifying individual mosquitoes to manifest the change, and then having the modification spread through natural populations of the malaria mosquitoes. Malaria is a predominantly rural disease across vast regions of Africa, and it would be formidably difficult to spread the modification by inundative releases -i.e. by swamping the natural population Figure 2 . The Ross-McDonald equation for the basic reproductive number for malaria. R 0 is the expected number of new infections deriving from a single infection in an otherwise infection-free population; a is the rate at which an adult female bites a human; b is the probability that an infectious mosquito biting a human will transmit the parasite; c is the probability that an infected human will infect a mosquito that bites it; μ A is the daily mortality rate for adult female mosquitoes; θ E is the probability a female mosquito survives the period between acquiring an infection and becoming infectious; and A is the number of adult female mosquitoes per person. Potential genetic approaches to vector control target one or more of these parameters. r is the rate of recovery of humans, which is unlikely to be affected by vector control. For further details on the equation see Smith and McKenzie (2004) .
with the desired modification. It also seems unlikely that the modification will be beneficial to the mosquito (and it is not clear it would be desirable if it was), and so one cannot rely on spread by natural selection. The alternative is to use the process of gene drive.
Introduction to gene drive
Most genes show Mendelian transmission: diploids have two copies of each gene, one from each parent, and they pass on one copy or the other to their offspring in an equal 50:50 ratio. In this case the process of gene transmission is 'fair', and does not in itself change the frequencies of alternative genes in a population -the two copies are transmitted by an individual at the same rate that they were inherited by the individual (Figure 3 ). But some genes are transmitted to more than 50% of the (surviving) progeny. 'Gene drive' refers to this process of preferential or biased inheritance from one generation to the next. Now the outputs no longer match the inputs and there is a change in allele frequencies simply due to the process of gene transmission from one generation to the next. All else being equal, such genes will increase in frequency in a population (Figure 3 ). Indeed, if the drive is strong enough, a gene can spread even if it causes some harm to the individuals carrying it. And the spread can be rapid: in a closed random mating population, a gene getting transmitted to 100% of progeny and having no fitness effect can increase in frequency from 1% to 99% in just nine generations. Given that mosquitoes have a generation about once a month, this implies very rapid spread -fast enough to be attractive for public health interventions. It is these properties that make gene drive such a promising tool for controlling malaria transmission.
Gene drive is a natural process that has independently evolved many times in many species, with a wide diversity of underlying mechanisms. Genetic elements showing drive include transposable elements (found in the vast majority of eukaryotic genomes), gamete killers (well-studied examples include the t-haplotype in mice and Segregation Distorter in Drosophila), driving sex chromosomes (known from many dipteran species), maternal-effect killers (such as MEDEA in Tribolium), B chromosomes (found in many plants, insects, and other organisms), homing endonuclease genes (found in many microbes), and a variety of others (Burt and Trivers 2006) . For some of these we know in quite some detail the molecular basis for the preferential inheritance; for others the molecular details are sketchy or unknown.
Synthetic gene drive systems
A wide diversity of synthetic gene drive systems have been proposed for vector control, and no doubt many more will be proposed in the future. Here we focus on those for which there has been promising laboratory work demonstrating technical feasibility.
Homing for gene knock-outs
First discovered in yeast (Dujon 1989) , the homing reaction is a particularly simple mechanism of achieving drive based on the activity of enzymes ('endonucleases') that cut specific sequences of DNA ( Figure 4 ). Many microbes have homing endonuclease genes, that spread in populations not because they are useful to the microbe, but because of the gene drive produced by the homing reaction. In animals a synthetic Figure 4 . The homing reaction. Diploid cells that are initially heterozygous for the presence of a gene encoding a DNA-cutting enzyme (an 'endonuclease') can be converted to homozygotes when the gene is in the middle of its own recognition sequence. The presence of the gene protects the chromosome it is on from being cut, and only chromosomes not containing the gene are cut. The cell's repair machinery can then use the intact chromosome as a template for repair, resulting in the gene being copied across to the chromosome where previously it was absent. HEG: homing endonuclease gene. After Burt and Trivers (2006) . version of the homing reaction was first demonstrated in Drosophila melanogaster (Chan et al. 2011 (Chan et al. , 2013 and in A. gambiae (Windbichler et al. 2011 ) using a homing endonuclease (and its recognition site) from yeast. Homing against introduced sequences has also been shown in Drosophila using zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs; Simoni et al. 2014 ). More recently, high rates of homing have been demonstrated using an RNA-guided Cas9 nuclease against a body colour gene in Drosophila , an eye colour gene in A. stephensi (an Indian vector of malaria; , and three endogenous female fertility genes in A. gambiae (Hammond et al. 2016) .
Homing can be used for vector control in a number of different ways. Conceptually, the simplest is to use it to produce a population-wide gene knock-out ( Figure 5 ). The effect of this on the mosquito population and on malaria transmission will then depend upon the gene being targeted.
One possibility is to suppress mosquito populations by targeting one or more genes needed for survival or reproduction. Modelling shows that if the knock-out phenotype is recessive (i.e. survival or reproduction is close to normal if only one copy of the gene is disrupted, and substantially impaired only when both copies are disrupted), and if the homing reaction is confined to the germline (i.e. the tissues giving rise to sperm and eggs), then it is even possible for a homing endonuclease that causes lethality or sterility to increase in frequency in a population, potentially suppressing the population as it does so (Burt 2003; Eckhoff et al. 2017; Godfray, North, and Burt 2017) .
Another possibility is to disrupt malaria transmission by targeting one or more genes needed for the Plasmodium parasite to invade into, develop within, or exit out of the mosquito vector. A recent review lists 38 genes that when knocked-down (e.g. by RNAi) show some reduction in oocyst number or sporozoite count (Sreenivasamurthy et al. 2013) , and some of these genes may be suitable for this approach.
In principle, other effects are possible by targeting other sorts of genes (e.g. possibly host choice, by targeting olfactory genes). In order for the homing reaction to lead to preferential inheritance of the enzyme construct, it is essential that the enzyme be expressed in the germline. Thus far, the promoters used for this in Anopheles have been from the B2-tubulin gene (Catteruccia, Benton, and Crisanti 2005) and from the vasa gene (Papathanos et al. 2009 ). Figure 5 . A homing construct for population-wide gene knock-outs. A gene encoding a sequencespecific nuclease that recognises a sequence in a target gene is inserted in the middle of its own recognition sequence, which protects the chromosome it is on from being cut, but also knocks-out the function of the target gene. The nuclease must be expressed in the germline in order to show drive. After Burt (2003) .
Homing for knock-ins
The homing reaction can also be used to spread ('knock-in') a novel 'cargo' gene through a population. The cargo could be an effector gene that disrupts parasite transmission through the mosquito. A recent review lists 28 effector genes that interfere to some extent with malaria parasite transmission (Wang and Jacobs-Lorena 2013) , including anti-microbial peptides, single-chain antibodies, immune system activators, and peptides that bind to mosquito proteins (putative parasite receptors) in the midgut or salivary glands.
Conceptually, the simplest way to use the homing reaction to spread a cargo gene through a population is to include the cargo as part of the homing construct (Burt 2003 ; Figure 6 ). Many of the homing experiments cited above demonstrate how cargo genes can be carried along with a homing construct.
One issue that arises with this approach is the fate of spontaneous mutations that occur in the construct itself, particularly loss-of-function mutations. In the simpler one-gene constructs that can be used for population knock-outs, mutations that arise in the nuclease gene which abolish enzyme function will fail to home, and therefore will be selected out and disappear. Similarly, in homing constructs carrying a cargo, mutations that abolish nuclease function will be selected out. However, mutations that abolish the function of the cargo gene(s) are not expected to affect the homing rate, and so may accumulate over time, particularly if the cargo genes impose some cost to the mosquito and the non-functional forms have higher fitness. One could end up with cargo-less constructs spreading through the population. For this reason it will be important with this strategy to choose effectors that do not impose much of a fitness cost, and to minimise the rate at which loss-of-function mutations arise, through choice of construct, location in genome, and/or promoter used (Beaghton et al. 2017) . This issue can also in part be ameliorated using the homing reaction to target a gene involved in survival or reproduction, and then linking the effector(s) to a resistant gene (Burt 2003) , a trans-acting suppressor of the nuclease, or a sequence that mutates the nuclease gene (e.g. Wu, Luo, and Gao 2016) .
Driving Y chromosome for male bias
Another potential use for sequence-specific endonucleases in developing synthetic gene drive systems is to use them to create a driving sex chromosome. Because malaria is transmitted only by female mosquitoes, a population-wide distortion of the sex ratio towards males would have a direct impact in reducing malaria transmission. In addition, because the number of mosquitoes in one generation is largely a function of the number and productivity of females in the previous generation, a male-biased sex ratio may also lead to a reduction in the total number of mosquitoes, giving an additional reduction in malaria transmission Godfray 2008, 2011; North, Burt, and Godfray 2013; Beaghton, Beaghton, and Burt 2016) .
Maleness in Anopheles mosquitoes is thought to be determined by a dominant gene on the Y chromosome (Krzywinska et al. 2016) . Males have X and Y sex chromosomes, and females have two Xs. Normally, the X and Y chromosomes of a male are transmitted 50:50 to the next generation, but if there is a gene causing the Y chromosome to be preferentially transmitted, then there will be a preponderance of male offspring. If the gene responsible is on the Y chromosome, then it too will be preferentially transmitted, and, all else being equal, it will spread through the population, replacing the normal Y. As it does so, the population as a whole will become male-biased. This is a driving Y chromosome.
In Aedes mosquitoes there is a naturally occurring driving Y chromosome (or, more accurately, a driving male-determining region of a chromosome) that, in some crosses, leads to more than 90% male progeny. The underlying molecular mechanism has not yet been reported, but cytogenetically, drive is associated with breakage of the X chromosome at male meiosis (Newton, Wood, and Southern 1976) . This led to the hypothesis that if a nuclease that specifically recognises and breaks the X chromosome can be expressed during meiosis, then that might lead to preferential transmission of the Y chromosome and a male bias (Figure 7 ). Proof-of-principle demonstration of this route to drive in A. gambiae was reported by Galizi et al. (2014) , who showed that expression of an engineered variant of the PpoI nuclease from a slime mold, expressed during spermatogenesis using the B2-tubulin promoter sequences, led in some lines to males producing 95% male offspring. The PpoI enzyme recognises a sequence in the ribosomal RNA-encoding repeat, which, fortuitously, is found only on the X chromosome in A. gambiae.
Other gene drive systems for spreading effector genes
Other sorts of gene drive systems have been proposed for spreading an effector through pest populations, including chromosomal rearrangements that display under-dominance, and various combinations of toxins and antidotes that mimic under-dominance systems, MEDEA systems, or variants thereof (Marshall and Akbari 2016) . In a maternal effect dominant embryonic arrest (MEDEA) system the progeny of heterozygous females die unless they themselves inherit the MEDEA element. A synthetic MEDEA element has been created in Drosophila by combining a microRNA-based repressor of myd88, a protein normally supplied by the mother into the embryo, with a zygotically expressed myd88 gene that is not affected by the microRNA and supplies the missing protein (Chen et al. 2007) . Cage experiments showed the element could spread rapidly through populations. Two other MEDEA systems, using different components, have also been developed in Drosophila (Akbari et al. 2014) and Akbari et al. (2013) developed a maternal-effect lethal under-dominance system in Drosophila in which two maternally expressed toxins, located on separate chromosomes, are each linked to a zygotic antidote able to rescue the lethality of the other toxin. Threshold-dependent invasion into population cages was observed.
These sorts of drivers are 'weaker' than those based on homing or driving sex chromosomes, in the sense that population models can be constructed in which, if introduced at very low frequencies, they may not spread, and if they spread at one location, they may not spread to a neighbouring population.
Resistance and reversal
A recurrent theme in the history of malaria control is the evolution of resistance, of either the Plasmodium parasite to a drug or the mosquito vector to an insecticide. It is therefore important to consider the prospects for resistance evolving against a driving construct, and take steps to minimise the likelihood of that happening (Burt 2003) . For homing constructs aiming to suppress the numbers of mosquitoes by targeting a gene important for survival or reproduction, probably the most obvious way for resistance to arise is for mutations to occur at the target site that render the site less able to be cleaved by the enzyme. Such mutations may pre-exist in the population, before release, or may be created by the action of the nuclease, such as via a non-homologous end-joining (NHEJ) repair pathway (Champer et al. 2017; Hammond et al. 2017 ). Godfray (2008, 2011) have modelled this situation, and if the mutations are functional for the mosquito (i.e. restore survival or reproduction), then they can spread to fixation, and the homing construct will be lost. It is therefore important that the sequences targeted be important for function. For CRISPR-based homing systems it is also possible to have multiple gRNAs, targeting multiple sites in the same target gene, which should help retard the evolution of resistance (Esvelt et al. 2014; Marshall et al. 2017) . For homing constructs carrying an anti-Plasmodium effector gene, one might consider targeting a neutral part of the genome, but then one cannot rely on natural selection to remove the products of NHEJ repair, and these may end up spreading to fixation, leading to loss of the effector (Beaghton et al. 2017) . One must also consider the possibility of the Plasmodium parasite evolving to be resistant to the effector(s), as they have to many drugs.
Closely related to the issue of resistance is the question of whether the effects of a gene drive construct might be reversed after release. As noted above, for homing constructs that target genes important for survival or reproduction, a sequence that is resistant to cleavage and functional for the mosquito (whether it arises de novo or is intentionally released) can spread by natural selection, allowing the population to recover (Burt 2003) . Alternatively, one might release a trans-acting suppressor of the nuclease, or trans-acting mutator. For CRISPR-based systems, the latter could be as simple as a gRNA that targets the Cas9 nuclease (Wu, Luo, and Gao 2016) . These and other potential strategies deserve careful modelling (Vella et al. 2017 ).
Moving to deployment
Work in the laboratory has provided a number of proof-of-principle demonstrations of key aspects of gene drive interventions for malaria control, but as yet there has been no report of a construct that has the potential to be 'field-ready'. Even when such a construct is developed, there will still be a number of questions that those responsible for making decisions on deployment will want to address.
Example questions to at least consider before making a decision on release of a driving construct for Anopheles mosquito population suppression include:
. Is the phenotype (e.g. male bias, female sterility) maintained: This list is not intended to be exhaustive (see also WHO 2010; David et al. 2013; EFSA 2013; NASEM 2016) . It is worth noting that current chemical vector control interventions (insecticide-treated bednets, IRS, and larval control) also suppress populations (e.g. Bayoh et al. 2010; Russell et al. 2011) , providing precedents for both the epidemiological efficacy and ecological consequences of this approach.
Vector competence is a more variable or labile phenotype than lethality, sterility, or sex ratio, and more extensive studies may be required to ensure field efficacy. Example questions to at least consider before making a decision on release of a driving construct with an effector include:
. Is the phenotype (reduced vector competence) maintained: Again, this list is not intended to be exhaustive. For any gene drive approach, there will be questions of acceptability, the logistics of production, delivery, release and monitoring, long-term sustainability, the existence of a framework for responsible deployment, costbenefit analyses, and issues around trans-border spread. For the latter, conventional biological control programmes offer some sort of precedent (Box 1). For the specific case of malaria control in Africa, capacity building in the end user disease endemic countries will be critical. Training of scientists from these countries and their involvement in research and deployment initiatives from the beginning will be essential for co-ownership. Training needs to be followed by the transfer of technologies and the installation of appropriate infrastructures (e.g. laboratories, mosquito production facilities, and field stations). Gene drive constructs pose issues that are new for regulators anywhere in the world, and African regulators should be involved from the outset in grappling with them. Equally important is strengthening capacities in communications and stakeholder engagement, which will play a central role in the success of deployment.
Box 1. Antecedents
Although novel in many ways, gene drive approaches to mosquito and malaria control do have similarities with some well-established methodologies (Burt 2014) .
Sterile insect technique (SIT)
SIT programmes involve the release of large numbers of sterile males into a target population; mating of these males with native females leads to a reduction in the females' reproductive output, resulting in the reduction or elimination of the target population. SIT programmes have been highly successful against a number of agricultural insect pests, including the New World screwworm fly in North America; the Mediterranean fruit fly and other tephritids in many countries around the world; pink bollworm in the USA; and codling moth in Canada (Alphey et al. 2010) . SIT has also been used to eliminate a tsetse fly vector of trypanosomiasis from Zanzibar.
Biological control Gene drive approaches to vector control have clear parallels with classical biological control programmes. These involve releasing relatively small numbers of a natural enemy (predator, parasitoid, pathogen, etc.) to attack an invasive pest species. The natural enemy propagates itself over a period of generations, increasing in abundance over time; it is thus self-spreading and self-sustaining, and effects on the target population can be long-lived. Implementation is relatively inexpensive and the benefit/cost ratios of some programmes have been more than 100 (Zeddies et al. 2001) . Classical biological control has been used to suppress over 200 species of invasive insects and 40 species of weeds in many countries around the world (van Driesche et al. 2008 ).
Key features
These various genetic approaches to vector control have the potential to provide a number of desirable features, including the following:
. they act to reduce disease transmission, and thus can contribute to the goals of disease elimination and eradication; . they are widely applicable, able to act in diverse settings, whether hypo-or holoendemic, urban or rural, against mosquitoes that feed indoors or outdoors, during daytime or night-time, and can control mosquito populations that are otherwise difficult to access; . they provide area-wide control, and therefore protection without obvious biases relating to a person's age, wealth, or education; . they should be compatible with and complementary to other disease control measures, both current (e.g. chemical-based vector control) and under development (e.g. vaccines); and . they can be relatively easy to deliver and deploy, with little or no change required in how people behave, and as a result have the potential to be highly cost-effective.
It is these key features that motivate continued development of gene drive approaches to malaria control. As with any new technology for public health, any specific construct that is put forward for release must be scrutinised by regulators, other stakeholders, and the general public, and we strongly endorse efforts in this direction.
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